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Abstract
A new analysis of the photoproduction of the J= -family is pre-
sented incorporating our recent model for the dipole cross section. The
relative contributions from small and large transverse size fluctuations
of the photon are clear and explicitly illustrate the mixing of pertur-
bative and non-perturbative eects in this process. The HERA data
on F2p(x;Q2) are used to constrain non-perturbative QCD eects in
the dipole cross section. Predictions are made over a very wide energy
range extending out to the THERA regime, where we expect unitar-
ity eects to gradually tame the steep rise with energy observed at
HERA. We also estimate an eective slope of 0IP  0:1 GeV−2 for
J= -photoproduction at the HERA energy range due to the interplay
of short and long-distance contributions.
1 Introduction
For several years, high energy, hard exclusive and semi-inclusive processes,
which include photo- and electroproduction of heavy vector mesons and deep
inelastic production of light vector mesons and real photons (DVCS) have
been modelled reasonably successfully using the exchange of two gluons in
a colour singlet conguration [1, 2, 3, 4, 5, 7, 8]
For vector meson production initiated by longitudinally polarized pho-
tons [9] and for DVCS [10] such calculations have now been placed on a
rmer theoretical footing by the proof of QCD factorization theorems which
show that perturbative two gluon exchange is the dominant process in the
asymptotic limit (Q2 !1).
To make a process hard it is necessary to provide a large momentum
scale (either a heavy quark mass or Q2, or both) which squeezes the hadronic
fluctuation of the photon so that small perturbative qq congurations are re-
sponsible for the dominant contribution. For the diractive photoproduction
of J= this hard scale is thought to be provided by the charm mass. How-
ever, since the charm quark is rather light (mc  1:5 GeV), and transverse
polarizations of the quasi-real photon dominate, there are likely to be sig-
nicant contributions from non-perturbative regions in which the hadronic
fluctuation of the photon has a large transverse size (these become pro-
gressively less important as the photon virtuality increases). This interplay
between soft and hard contributions has been seen in a phenomenological
way by the success of the two-Pomeron t of Donnachie and Landsho [11]
in which the soft Pomeron term, associated with non-perturbative eects,
appears make a signicant contribution to J= photoproduction at HERA
energies.
At very high energies, or small x, the interaction time for a given fluc-
tuation in the photon with the proton target is considerably smaller than
its’ formation time or the time required to produce the hadronic nal state.
This implies universality for the interaction cross section over a wide range
of inclusive and exclusive processes. In [12] we introduced a model for this
universal cross section, ^, for all transverse size fluctuations. We produced
a satisfactory description of the inclusive cross section data, indicating that
our model is reasonable. In this paper, having made some suitable minor ad-
justments, we apply the model to J= photoproduction. Our aim is twofold,
to provide a good description of this process and to further constrain the
model in order to be able to make better predictions for other exclusive
processes in the future, using the same framework.
Our model was based on the well-known leading-log perturbative QCD
result for the interaction of a small transverse-size qq dipole which proceeds





b2 s( Q2)xg(x0; Q2) ; (1)
where scales x0 and Q2, which depend on transverse size b, are described in
Subsection 3.1. This form is applicable for transverse sizes b < bQ0  0:4 fm.
For larger transverse sizes we introduced an ansatz based on the known
behaviour of soft hadronic interactions (we matched on to the measured P
cross section at b = b = 0:65 fm) and introduced a suitable interpolation
for bQ0 < b < b and an extrapolation for b > b. In this paper we slightly
simplify the model for ^ by connecting the points bQ0 and b with a straight
line (instead of using a t to the b-shape just below bQ0 as in [12]). We use
this model, based on eq.(1) with CTEQ4L [14] gluon input density evolved
using skewed evolution, to investigate the interplay of perturbative and non-
perturbative eects in J= photoproduction . At the higher photon-proton
energies of the HERA range (W  250 GeV) this involves probing the gluon
distribution at very small x  10−4, i.e. outside of the range in which it
has been tested directly. In this region, it is mainly constrained indirectly
by the use of sum rules and by its’ eect on the observed scaling violations
of the inclusive structure function F2, predicted by DGLAP [15] evolution.
It should be remembered that the predictions we make would change if
the input gluon density is changed. Other models for the interaction cross
section, ^, may be found in the literature (see e.g. [16, 17] and references
therein).
The amplitude for exclusive processes involves a convolution of ^ with
light-cone wavefunctions for the initial-state photon (known from QED [18]
in the qq case) and for the nal-state diractively-produced object. For
the light-cone wavefunction of the J= we use a hybrid wavefunction in-
troduced in [4]. This is derived by solving the Schro¨dinger equation using
the Buchmueller-Tye potential model [19] (constituent quark mass mc =
1:48 GeV), boosting the resulting Schro¨dinger wavefunction to a fast mov-
ing frame. The wave function at small b < 0:3 fm is xed by imposing QCD
behaviour (V (z; b = 0) / z(1−z)) and normalized using the known leptonic
decay rate of J= . In this way we account for the QCD radiative corrections
to the qq component of the charmonium wavefunction for small transverse
sizes b < 0:3 fm. This eectively takes into account the strong modication
of non-relativistic charmonium-model predictions for the leptonic width due
to QCD radiative corrections (for a recent review see [20]). The exclusive
formation of the heavy bound state, the details of which are embodied in
the light-cone wavefunction, suppresses the contribution of higher order Fock
The value of σˆpQCD(x, b2) should not change significantly within the next-to-leading
order approximation, as compared to the leading order, because it is determined from
fitting the same value of F2. However, both the relative size of σˆpQCD(b
2, x) and xg(x,Q2)
and the numerical value of xg(x,Q2) itself may change rather significantly.
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states (such as jccg>) in the virtual photon, making this a particularly good
process in which to test the universality of the dipole picture.
For small enough x unitarity corrections were introduced in [12] to tame
the rapid rise of ^ due to the small-x rise of the gluon density. These aect
larger transverse sizes in the perturbative domain rst. In this paper, we
illustrate that the photoproduction of the relatively light J= can act as a
precursor for this taming since it is sensitive to relatively large transverse
sizes, not just to the wavefunction at the origin [4, 5]. We note in passing
that an important role of large transverse distance eects (soft QCD) reveals
itself in the energy dependence of the slope for the photoproduction of J= 
mesons which should be intermediate between the soft regime, 0IP (soft) 
0:25 GeV−2, and the perturbative regime, 0IP  0IP (soft) (see Subsection
3.3).
We predict a reduction in the steepness of the energy dependence which
will begin to take eect at the higher HERA energies and in the THERA
region (250 < W < 1000 GeV). More generally, taming corrections are
expected to reduce the rise of all hard small-x cross sections with energy
eventually.
This paper extends the work of [5, 6] in two directions. Firstly, it ex-
plicitly includes the non-perturbative component coming from large trans-
verse sizes and provides a reasonable unied description of the process from
the low energies measured at xed target experiments [21] as well as the
HERA data [22, 23, 24]. Within the framework of our analysis the rela-
tive contribution of non-perturbative eects may be quantized, albeit in a
model-dependent way. Secondly, we make predictions for energies beyond
the HERA range W > 300 GeV that may eventually be tested at a higher
energy ep collider such as the proposed Tesla-HERA, or THERA, project
(see e.g. [25]). The logic of [12] dictates that taming corrections are required
in this high energy region and we qualify and quantify the expected eect
of these corrections on J= photoproduction.
The paper is organized as follows. Section 2 contains the basic formula
for the cross section. Section 3 investigates various issues surrounding the
implementation of this formula including setting scales in the gluon density,
running quark mass eects, t−dependence, skewedness and the calculation of
the real part of the amplitude. In section 4 we illustrate the eect of changing
the rescaling parameter , in the model for the dipole cross section. The data
appear to favour a rather low value of  which implies more non-perturbative
contribution. Section 5 contains our predictions for the THERA energy
range. Following a discussion in Section 6, we conclude in section 7.
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2 Basic Formulae in the photoproduction limit
From eq.(50) of [5] in the limit Q2 ! 0, neglecting the real part of the am-
















)2 C(Q2 = 0) ; (2)
where MV ;ΓV are the mass and leptonic decay width of the vector meson
and mc = 1:5 GeV is the charm quark mass. Using the notation of [5] (in
particular eqs.(25,26,51)) we have for the overall dimensionless suppression
factor





























z(1−z) V (z; b = 0)
6
R
dz V (z; b = 0)
!2
; (5)
where mc;r(b) is the running charm quark mass and Tγ ; V are the light-
cone wavefunctions for the transversely-polarized photon and vector meson,
respectively. The latter depend on transverse size b, and on z, the momen-
tum fraction of the photon energy carried by the quark. In eq.(2) the gluon
density and s have been extracted at the average point, <b>, of the inte-





  10. In [6] we attempted to go further than this average approximation
by sampling these functions at the Q2 = =b2, underneath the integral in
transverse size b. The factor m4c;r implicitly depends on b, so rightfully also
belongs underneath the integral in b, sampled at an appropriate scale.
Reinstating ^ underneath the integral according to this procedure leads












































j=m Aj2 ; (6)
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where the penultimate line makes use of eq.(40) of [5]. The imaginary part















)2 Tγ V ; (9)
where the light-cone wavefunction for the photon, Tγ = K0(b mc;r), is purely
transverse for photoproduction. In this equation we have chosen to separate
out a piece of the b-integral, Iz(b), which only depends on the light-cone
wavefunctions of the vector meson and photon and is independent of energy.
For small dipole sizes b < 0:3 fm QCD behaviour is imposed [5] on
J= , so it is appropriate to run the charm quark mass underneath the b-
integral too, in both the overall m2c;r factor and in the argument of the Bessel
function, using the appropriate renormalization group equation for masses
(see subsection 3.2).
Finally, assuming the usual exponential fall-o in t we have
(γP ! J= P ) = N
2(1 + 2)j=m Aj2
16B
; (10)
where the real part of the amplitude has been reinstated via  = <eA==mA
(see subsection 3.5). The H1 collaboration recently reported [22] a value of
B = 4:73  0:25 −0:39+0:30 GeV−2. Recently ZEUS reported [23] an improved
measurement of B in J= photoproduction and found it to depend on energy.
We will incorporate this shrinkage using a simple form (see subsection 3.3).
3 Improvements to the basic formula: uncertain-
ties in the cross section
In this section we expand and explain various features and uncertainties in
the basic formulae of Section 2. Many crucial issues involve the b-integral in
eq.(8). Firstly we explain the choice of scales, x0; Q2 used in the dipole cross
section and make a rst comparison to the available data, using very basic
assumptions. Then we consider the changes induced by considering a more
careful treatment of running mass eects, shrinkage, non-zero real part and
skewedness. The latter requires that we replace the ordinary gluon with the
skewed gluon in eqs.(1,8). We follow the usual choice of conventional input
distributions evolved using skewed evolution.
Lastly, in the next Section, we decrease the parameter  which relates
transverse sizes to four-momentum scales, via Q2 = =b2, from 10 to 4. This
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has the eect of increasing the non-perturbative contribution to the cross
section and leads to a much better description of the current data. We also
give predictions for THERA for both values of .
3.1 Scale setting in the gluon density
In [12] we examined inclusive structure functions, FL and F2, using our
model for ^. We employed the following prescription for the b-dependence
of the scales x0 and Q2:

















By examining the standard pQCD formula for FL for light quarks we
found < x > 1:75 x (we designed the ansatz to reproduce this for large
Q2 when b = hbi). We also found that a value of  = 10 reproduced the
perturbative QCD results fairly well. However the results turned out to
be rather insensitive to the precise value of . In this paper we explicitly
examine the sensitivity of J= photoproduction on  and nd that it is
much more sensitive to it than FL and F2 (see section 4). This is interesting
because the value of  determines the dividing line between perturbative
and non-perturbative physics.









for the b−dependent momentum fraction of the incoming gluon. This will
be used for the sampling of ^ underneath the b-integral in eq.(8).
The solid line in g.(1) shows the resulting J= photoproduction cross
section using eq.(10), with CTEQ4L gluon density,  = 0, a xed slope
parameter of B = 4:0 GeV−2 and xed quark mass of 1:5 GeV. The available
data [21, 22, 23, 24] is also shown. This curve undershoots the data at low
energies and overshoots at high energies, so it appears to rise too steeply with
energy to provide a good description of all available data. We now consider




























Figure 1: A comparison of the J= photoproduction cross section, using
conventional CTEQ4L parton distribution function (PDF) for the gluon
and  = 0, with data [21, 22, 23, 24]. The solid curve has xed mass and
slope B = 4:0 GeV−2, the long and short dashed curves include running
charm quark mass and W -dependent slope, respectively. The dotted curve
includes both eects.
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3.2 Running quark mass
In [5] hard QCD corrections were introduced in the vector meson wavefunc-
tion: for b < b0 (b0 = 0:3 fm was chosen for J= ) QCD-behaviour was
imposed (V / z(1 − z)) and normalized to the measured leptonic decay
width. For consistency it was then necessary to replace the constituent
quark mass with the running quark mass for small b. This was implemented
in the following way: (cf. eq.(38) of [5])






In this paper, we demand that the mass satises the renormalization
group formula for quark masses (see e.g [26]):







where Qf  2:0 GeV corresponds to the matching scale, b0 = 0:3 fm, at
which hard corrections are applied. We set the number of flavours nf = 4
both in the exponent and in the one-loop beta-function of s (choosing
nf = 3 instead would make very little dierence). This eect suppresses
the small b region relative to the case in which the mass is taken as xed,
imposing the desired QCD behaviour mc ! 0 for Q2 ! 1. Fig.(2) shows
m2c;r(b)=m2c versus b. We use mc = 1:5 GeV, which is approximately the
constituent quark mass of Buchmueller-Tye potential model [19], which we
use to construct V . Fig.(3) illustrates the size of the eect at the amplitude
level. Running the quark mass influences both the argument of theK0 Bessel
function and the overall multiplicative factor in eq.(9). It turns out that
there is only signicant suppression for b < 0:2 fm (rather than b < b0 = 0:3
fm). A comparison of the solid and long-dashed lines of g.(1) illustrates
the rather small decrease that this change induces in the cross section as a
result of the reduced contribution from small b.
3.3 Energy dependent slope
The recent presentation of ZEUS data, from the 1996-97 running period, at
DIS2000 [23, 24] indicated evidence for shrinkage. Following a t to d=dt
of the form exp(Bt) in each of the seven bins in W , a value of 0IP = 0:098
0:035  0:05 GeV−2 is obtained from examining the energy dependence of
B. In order to take this into account we use the following form for the
energy-dependent slope parameter























Figure 2: The ratio of running charm quark mass squared to xed mass
squared as a function of transverse size using eq.(15) and incorporating four
















Figure 3: The integrand multiplying ^ for xed and running charm quark
mass. The running mass eect is implemented for b < 0:3 fm and causes a
suppression of the small b region.
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with B(W0) = 4:0 GeV−2 at an input scale of W0 = 40 GeV and following
ZEUS we take 0IP = 0:1 GeV
−2. This clearly implies a reduction in the
overall normalization of the cross section at large W , relative to the case in
which a constant B is employed (for W = 200 GeV the reduction is about
14 % ).
A comparison of the short-dashed and solid lines of g.(1) show the
signicant eect of including the W -dependent slope according to eq.(16).
The dotted curves shows the combined eect of running quark mass and
B(W ) on the solid curve (cf. also eq.(15)). Both eects reduce the steepness
of the energy dependence bringing the theory curves closer to the data.
3.4 Skewedness
Strictly speaking for exclusive processes we need to replace the ordinary
gluon in eq.(1) with the skewed gluon G(x1; ; Q2) (see [27], and references
therein, for a review of skewed parton distributions). For J= this should
have a rather small eect, for , with its much larger mass, it is certainly
a large eect [6]. It is not obvious precisely how to sample the skewed
gluon. Assuming colinearity of the incoming and returning gluons (carrying
momentum fractions x1 and −x2 of the proton, respectively) we have (x1P+
q)2 = M2cc¯ ; ((x1 − x2) P + q)2 = M2V . In the photoproduction limit for the
skewedness parameter, , this gives











t )= z(1− z)
M2V
: (18)
At rst sight it appears there may be a danger of entering the ERBL [28]
region (x1 < ; x2 < 0) in certain points in the phase space (in particular
for symmetric, z  1=2, congurations with small k2t ). However, our ansatz
protects us from this, in the case of J= , since we only use eq.(1) for b < bQ0,
which corresponds roughly to k2t > Q20. Even for an input scale of 1:0 GeV
2
this implies M2cc¯ > 4 (m2c + Q20) > 13:0 GeV
2. This is much bigger than
the square of the J= mass: M2 (1S) = 9:59 GeV
2. The 2S-state,  0, with
a mass of M2 0(2S) = 13:59 GeV
2 is a more marginal case, which merits
further investigation.
For J= photoproduction we will use




(cf. eq.(11) with x0min =  = M
2
V =W
2). This choice obviously guarantees
that x0 >  for all b, so restricts us just to the DGLAP region (with this
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assumption we can never enter the ERBL region). With  = 10;mc = 1:5
GeV, hbi2 = 10  (hc)2=4m2c  (0.21 fm)2 and this reduces to




In our computer codes, the divergence at b ! 0, in the numerically
unimportant very small b-region, is regulated by hand by adding a very small
number to b2 in the denominator. The skewed gluon density, G(x0; ; Q2), is
sampled at four-momentum scale Q2 = =b2  0:39=(b (fm))2 GeV2, hence
some regulation of this scale is also implemented at very small b2 (in practice
we don’t let the scale get larger than Q2 = 100 GeV2). Figs.(4,5) illustrate


















Figure 4: The eective momentum fraction at which the gluon is sampled,
divided by , for several values of the scaling parameter .
In order to implement skewedness we use the evolution package devel-
oped by Freund and Guzey [29], which is based on the CTEQ code [30]. The
skewed parton distributions (SPDs) are implemented in a systematic way
underneath the integral in b. For a particular value of W ,  is xed. For this
xed , the skewed gluon is sampled on a grid, G(x0; ;Q20) and the values
saved to an array. The integration over b is performed numerically fold-
ing in the W 2-independent piece from the wavefunctions with ^ calculated



















Figure 5: The eective four-momentum scale at which the gluon is sampled
for several values of the scaling parameter .
interpolation routine. Fig.(6) shows the skewed gluon versus the conven-
tional one at a scale typical for J= photoproduction for x0 close to, but
larger than,  = 9:6 10−4 (the value which corresponds to W = 100 GeV).
Also shown is the SPD with very small  = 10−7 which coincides with the
conventional PDF, illustrating the limit G! xg as  ! 0.
Following closely the prescription for ^ given in [12] we impose the fol-
lowing behaviour at b = b:






with (b;W0) = 24 mb,  = 0:08 and W0 = 31 GeV. The latter value is cho-
sen to coincide with the choice x0 = 0:01 made in [12]. A simple linear ansatz
is used for the skewed ^ in the region bcrit < b < b (we connect bcrit and b
with a straight line, bcrit is the point in b at which (b;W 2) = (b;W 2)=2
). For small W 2 taming isn’t required in the perturbative region, b < bQ0,
so the straight line starts at bQ0. The dashed lines of g.(7) show the ef-
fect of including skewedness in the dipole cross section relative to using the
standard PDF (solid lines) at W = 100; 300 GeV.
Close to the boundary at b = bQ0 = 0:39 fm, x0   and Q2  Q20. If one



























Figure 6: Skewed and conventional (PDF) gluon distributions at a scale typ-
ical of J= photoproduction, Q2 = 6:76 GeV2. The value of  = 0:00096 cor-
responds to W = 100 GeV. This gure explicitly illustrates that the skewed




W = 300 GeV




















Figure 7: The dipole cross section ^ including skewedness (dashed curves)
and without (solid curves) for two photon-proton energies.
the dierence between the use of skewed and standard distributions is min-
imal close to bQ0. For very small b, although there is a large evolution scale
Q2  Q20, the gluon is sampled at x0  , so the overall eect of skewedness
is expected to be fairly small everywhere. This is illustrated explicitly in
g.(8) which shows the integrand of eq.(8) using skewed and standard glu-
ons at two dierent energies (W = 100; 300 GeV). The maximum eect, of
about 10%, is seen close to the peak.
For the skewed case it is interesting to show how the b-distribution
changes with energy, since this reflects the interplay of short and long dis-
tance contributions at dierent energies. One observes in g.(9) that the
peak shifts to the left as the energy increases and becomes more narrow,
indicating an increase in the relative importance of short distance eects
in this region. Examining such plots at very high energies reveals how the
unitarity corrections begin to set in. One can start to see this in the shape
of the curves at W = 300; 500 GeV, where the taming restriction begins
to remove part of the distribution to the right of the peak. Although the
taming corrections start to bite around 300 GeV they take a long time to
tame the majority of the (fairly broad) peak in b. In practice this implies
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Figure 8: A comparison of the b-integrand of eq.(8) with (SPD) and without
(PDF) skewedness at two dierent photon-proton energies.
Finally, in g.(10) we show the eect of including skewedness at the
cross section level. The solid line corresponds to standard gluon PDF in ^
(with running mass and shrinkage implemented). The long-dashed line cor-
responds to replacing the ordinary gluon distribution with the skewed one.
The overall eect, an enhancement of approximately 10%, is seen strongest
at high energies where the small dipoles play an increasingly important role
(see g.(9)). The shape in W still appears to be too steep. It is possible
that if we allow unitarity corrections to play a role earlier we may be able
to t the high energy data better.
3.5 Including the real part of the amplitude.
Having implemented the skewed gluon in the imaginary part of the ampli-
tude we now reconstruct the real part using the analytic properties of the
amplitude [31]. Numerically we achieve this by performing a two-power t
to Im A(W ) over a wide range in W ( 10 < W < 300 GeV) using the form
Im A(W ) = a1 (W
2
W 20























Figure 9: The evolution of the b-integrand with energy using skewed evolu-
tion and running quark mass in ^. At high energies the eects of unitarity







SPD,  = 0



















Figure 10: The eect of including both skewedness and  at the cross section
level. The solid curve uses the ordinary gluon PDF with running mass and
W-dependent slope included. The long dashed curves includes skewedness.
The short dashed curve also includes the real part of the amplitude.
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 = 4; 2
 = 4; 
 = 10; 2
 = 10; 























Figure 11: A plot to illustrate the relative size of the real part of the am-
plitude as a function of energy. In the case  = 4 a MINUIT t produces
two positive powers p1 = 0:29; p2 = 0:05, hence  calculated from the t





























Figure 12: Decreasing the value of  from 10 to 4 improves the agreement
with data dramatically.
the real part is then given by













The ratio of real to imaginary parts,  is then obviously given by
 =
tan(p1=2) + a2=a1 (W 2=W 20 )
p2−p1 tan(p2=2)
1 + a2=a1 (W 2=W 20 )p2−p1
: (24)
This increases the normalization of the cross section by 2 % (cf. eq.(10)).
We achieve an excellent two-power t using MINUIT [32] and get the fol-
lowing values for the t parameters:
a1 = 0:00453; a2 = −0:00174
p1 = 0:312; p2 = −0:398 : (25)
Fig.(11) illustrates that  decreases as a function of W as the smaller
power becomes less signicant (see curves labelled  = 10). The short
dashed line of g.(10) shows the overall energy-dependent enhancement
(about 30% at high energies) when this implemented at the cross section
level. This improves the description of the low energy data and in terms of
shape, but leads to a worse overshoot at high energies.
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4 Decreasing  and predictions for THERA.
In [4, 5] a simple assumption was made about the relationship between trans-
verse size and the relevant four-momentum scale for the process concerned,
i.e. that they were inversely proportional. The constant of proportionality,
, was determined in [4] by an iterative averaging procedure involving the
integral in b for the structure function FL:  = hbFLi2Q2. A value of   9
was obtained from this method and this was found not to vary too much
with x and Q2 at small x  10−3, provided Q2 > 10 GeV2.
In [6] the value coming from this procedure was seen to deviate when a
wider kinematic range was considered. During the work carried out for [12]
it was found that although  was changing, if kept within reasonable limits
(4 <  < 15) the result for FL only changed by a few percent (see g.(5)
of [12] for an explanation of this approximate scaling). Having made this
observation, the value of  = 10 was chosen for convenience in the analysis
of inclusive structure functions.
Hence, the simplest way to change the relative contribution of non-
perturbative eects is to change  at all b. It is logical that changing  will
have a much bigger eect on processes such as J= which contain greater
contamination from large distances and are sensitive to scales at which the
gluon density is changing rapidly at small x (Q20 < Q
2 < 10 GeV2).
Changing the value of  has several eects. Firstly, the position of the
input scale, bQ0, in b shifts which aects ^ directly (recall that b which also
species ^ is xed). It also directly influences the scales at which the gluon
distribution is sampled, Q2 and x0, (cf. eqs.(12, 19) and gs.(4,5)). Since the
light-cone wavefunctions do not depend on  (except implicitly though the
Q2-dependence of mc;r), this change has the eect of squeezing or dilating
the perturbative region in b. Decreasing  decreases bQ0 =
p
=Q0 and
so diminishes the perturbative region almost without modifying ^ in the
perturbative regime. This should make the cross section rise less steeply
with energy as it enhances the non-perturbative piece.
To test this we reran our code using the lowest value which left the results
for FL unaected, i.e.  = 4y. The eect on the cross section was rather
dramatic and is shown in g.(12) (the real part of the amplitude, calculated
as described above, appears in g.(11)). The cross section is increased in the
xed target region and suppressed in the high energy region. Both eects
move it in the direction of the data.
As an additional cross check we re-examined our description of F2(x;Q2),
using  = 4. The results for selected values of Q2 are shown by the dashed
lines in g.(13). A comparison with the solid lines ( = 10) illustrates
that F2 is also fairly insensitive to this change in  and we still provide a
yIncidentally, this is the value advocated in the papers of Gotsman, Levin and Maor
and collaborators for all Q2. See [33] for the latest version of their model which includes
shadowing corrections. It is applied to J/ψ production in [34].
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reasonable description of the HERA data.
Extrapolating both cases to higher energies we see the spread of predic-
tions for the THERA range in Fig.(14). Since the case  = 4 does a better
job on the lower energy data, we favour the dashed curve as our prediction
for THERA. Despite the eect of the unitarity correction in the integrands,
evident in g.(9), the overall taming eect on the energy dependence at
the cross section level unfortunately appears to be rather mild. This is be-
cause the contribution of very small b for which taming is still not important
becomes more and more signicant as the energy increases.
5 Discussion and open questions
Using  = 4 and CTEQ4L partons our model still seems to overshoot the
available data somewhat (cf. dashed line in g.(12)). We would like to
reiterate the point that the gluon distribution at small x  10−4 is not very
well constrained by the current data (which mainly provides an indirect
constraint via DGLAP-driven scaling violations of F2). This fact is reflected
in the wide spread of numerical values for the gluon distribution at small
x in the currently available partons distributionsz. Hence we are not too
concerned by the fact that our curve appears to overshoot particularly the H1
data [22] at the highest HERA energies using CTEQ4L. The framework we
have described is general and can clearly use any leading-log parton density
set that is available. However, we are encouraged by the improvement in
agreement in the overall shape, which allows us to get closer to the data
over a wide range in energy.
We would like to point out that the measurement of 0IP reported by
ZEUS is entirely consistent with the results of our model. For large trans-
verse sizes one expects a contribution of 0IP (soft) = 0:25 GeV
−2, whereas
for very small sizes one expects a negligible contribution. We can see this
by introducing a simple but reasonable model for the slope parameter,
0IP (b) = 0:25 (
b2
b2Q0
(bQ0 − b) + (b− bQ0)) GeV−2; (26)
and averaging it with the amplitude of eq.(8). We notice from g.(9) that
in the HERA range about 30% of the integrand is above bQ0 and 70% below
and that the peak is around b = 0:2 fm. This gives us the following estimate
for the eective slope parameter:
0IP  [0:7 (
0:2
0:4
)2 + 0:3] 0:25  0:11 GeV−2: (27)
which agrees nicely with the measured value [23, 24]. This model leads to
a gradual decrease of 0IP with increase of energy until the taming region
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Figure 13: A comparison of the inclusive cross section F2 using the dipole
cross section with  = 4 (dashed line) and  = 10 (solid line), with a

























Figure 14: Predictions for the photoproduction cross section for J= in the
THERA region using two dierent values for the scaling parameter .
In our picture we expect both B and 0IP to change with energy and pho-
ton virtuality as the balance between short and long distance contributions
shifts. A dedicated forward detector for measuring scattered protons, such
as the one recently proposed by the H1 collaboration [37], would allow this
issue to be investigated in detail.
It is natural to ask if higher order Fock states (jccg> etc), which are only
formally suppressed by s, are important in the photoproduction of J= .
The rationale employed in [4] was that using the solution to the Schro¨dinger
equation (boosted to light cone) should take into account the most impor-
tant corrections for large transverse distances. Recent studies of the eect
of radiative corrections on the leptonic decay width [20] indicate that per-
turbative corrections for small distances may well be large. At present it
is unclear what eect this will have on the photoproduction of J= . From
the theoretical side what is required is a complete next-to-leading-log calcu-
lation. This question could be addressed phenomenologically by examining
the relative characteristics of various diractive charm measurements (ex-
clusive J= , J= + 1 jet, and open charm). The question is even more




We have investigated the photoproduction of J= in the context of the
QCD-improved dipole model introduced in [12]. This model directly in-
corporates a contribution from long distances which is responsible for the
low energy production. As the energy increases, the short distance mech-
anism of perturbative two-gluon exchange becomes increasingly important.
Overall our description of the data over the whole measured range is im-
proved relative to analyses which only take the perturbative contribution
into account. At very high energies we incorporate taming or unitarity cor-
rections and present predictions for the cross section in the THERA range
(250 < W < 900 GeV). Since, in our model, unitarity corrections aect
smaller and smaller transverse sizes at progressively higher energies it turns
out that for J= photoproduction in the THERA region there is always a
signicant contribution to the cross section that rise quickly with energy.
This implies that the taming of the growth of the cross section with energy
is rather gradual.
We show that the skewedness of the amplitude induces a relatively small
enhancement in the cross section (approximately 10%). This eect is likely
to be swamped by other uncertainties associated with the t-dependence and
the light-cone wavefunction of the vector meson.
Of much greater numerical importance in describing the available data
is to modify the balance between short and long distances contributions. In
our model, this may be controlled by changing the scaling parameter  which
sets the relationship between four-momentum scales and transverse sizes in
the interaction cross section. The J= photoproduction data appears to
favour a change to a lower value ( = 4) for large b than that which was
derived in [4, 5, 12] for small b ( = 10). The quality of the description of the
structure function F2 is relatively unchanged by this modication. Work on
describing the photo- and electroproduction of other vector mesons within
the same framework is underway.
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